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Lsm Proteins Promote Regeneration
of Pre-mRNA Splicing Activity
during sequential incubations. Extracts were first incu-
bated with an excess (35 nM) of unlabeled ACT1 pre-
mRNA under splicing conditions, followed by the addition
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University of Edinburgh of a small amount (2 nM) of 32P-labeled ACT1 pre-mRNA
for a second incubation. Unlike wild-type extract, whichKing’s Buildings
Mayfield Road was able to support splicing during multiple sequential
incubations (Figure 1, lane 2, and data not shown), lsm6Edinburgh EH9 3JR
United Kingdom and lsm7 extracts could not support splicing during a
second incubation with pre-mRNA (Figure 1, lanes 4 and
8). Significantly, this loss of splicing activity was splicing
dependent and not simply due to incubation of the ex-Summary
tracts (Figure 1, lanes 1, 3, and 7), nor was it due to
depletion of ATP (data not shown). Following the incuba-Lsm proteins are ubiquitous, multifunctional proteins
tion of lsm6 or lsm7 extracts with unlabeled pre-that affect the processing of most RNAs in eukaryotic
mRNA, the addition of the missing Lsm protein, producedcells [1–11], but their function is unknown. A complex
by in vitro translation, made these extracts competentof seven Lsm proteins, Lsm2-8, associates with the
for splicing during a second incubation (Figure 1, lanesU6 small nuclear RNA (snRNA) that is a component of
5 and 10). This effect was Lsm protein specific; Lsm7pspliceosome complexes in which pre-mRNA splicing
did not restore activity to Lsm6p-depleted extract andoccurs. Spliceosomes contain five snRNAs, U1, U2,
vice versa (Figure 1, lanes 6 and 9). As the exogenousU4, U5, and U6, that are packaged as ribonucleopro-
proteins were added after the first incubation with sub-tein particles (snRNPs) [12, 13]. U4 and U6 snRNAs
strate RNA, we conclude that a factor (or factors) be-contain extensive sequence complementarity and in-
came limiting in a splicing-dependent manner in theteract to form U4/U6 di-snRNPs. U4/U6 di-snRNPs
absence of Lsm6p or Lsm7p, but could be regeneratedassociate with U5 snRNPs to form U4/U6.U5 tri-snRNPs
by the addition of the missing Lsm protein.prior to spliceosome assembly. Within spliceosomes,
disruption of base-paired U4/U6 heterodimer allows
U6 snRNA to form part of the catalytic center [14].
Lsm Proteins Are Required for U6Following completion of the splicing reaction, snRNPs
RNP Reconstitutionmust be recycled for subsequent rounds of splicing,
Lsm2-8 proteins associate directly with U6 snRNA [3,although little is known about this process. Here we
15] and are required for its stability [1]. The analysis ofpresent evidence that regeneration of splicing activity
lsm mutant extracts is therefore complicated by theirin vitro is dependent on Lsm proteins. RNP reconstitu-
reduced level of U6 snRNA. To obtain conditions intion experiments with exogenous U6 RNA show that
which the level of U6 RNA is initially equivalent in theLsm proteins promote the formation of U6-containing
different extracts, we ablated the endogenous U6complexes and suggest that Lsm proteins have a
snRNA by targeted RNase H digestion, added in vitrochaperone-like function, supporting the assembly or
transcribed U6 RNA to each extract to 50 nM, and as-remodeling of RNP complexes involved in splicing.
sayed splicing activity and the fate of the exogenous U6Such a function could explain the involvement of Lsm
RNA. Following the ablation of endogenous U6 snRNAproteins in a wide variety of RNA processing pathways.
(Figure 2, lanes 2, 5, and 9), exogenous U6 RNA very
efficiently restored the splicing activity of wild-type but
Results and Discussion not of the mutant extracts (Figure 2, lanes 3, 6, and 10).
This defect in lsm6 and lsm7 mutant extracts could
Lsm Proteins Promote Regeneration be at least partly overcome by the addition of the appro-
of Splicing Activity priate Lsm protein produced in vitro (Figure 2, lanes
In Saccharomyces cerevisiae, LSM6 and LSM7 are 7 and 11). Thus, in the absence of Lsm6p or Lsm7p,
nonessential genes, but their deletion causes heat sen- exogenous U6 RNA could not replace the ablated U6
sitivity and a mild splicing defect [1, 2]. Here, we show snRNA in the splicing process.
that although extracts from lsm6 or lsm7 strains are To investigate the association of the exogenous U6
competent to splice ACT1 pre-mRNA (Figure 1, lanes 3 RNA with the endogenous U4 snRNA, total RNA from
and 7, and data not shown), they fail to support splicing mutant and wild-type extracts was deproteinized and
analyzed by nondenaturing gel electrophoresis. As re-
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Figure 1. Regenerating Splicing Activity Requires Lsm Proteins
Whole-cell extracts (4 l) prepared from wild-type, lsm6, or lsm7
strains were incubated at 23C under in vitro splicing conditions
either in the absence (lanes 1, 3, and 7) or presence (lanes 2, 4–6,
and 8–10) of 35 nM unlabeled ACT1 pre-mRNA as indicated for 30
min. 2 l of in vitro translation reaction, containing Lsm6p (lanes 5
and 9) or Lsm7p (lanes 6 and 10) or mock reaction (lanes 1–4 and
7–8), were then added as indicated and all samples were incubated
with 2 nM 32P-labeled ACT1 pre-mRNA for 30 min. RNA was then
extracted and analyzed on a 7% polyacrylamide-urea gel and visual-
ized by autoradiography.
(Figure 3A, right panel, lane 3), whereas only 26% and
51% of U4 snRNA became incorporated into U4/U6 het-
Figure 3. Analysis of the Incorporation of U6 RNA into Complexeserodimer in the lsm6 and lsm7 mutant extracts, re-
(A) Annealing of exogenous U6 RNA with endogenous U4 snRNA.spectively (Figure 3A, right panel, lanes 6 and 10). With
RNA was extracted from extracts (4 l) that had been treated as
the addition of in vitro produced Lsm6p to lsm6 extract in Figure 2 but without ACT1 pre-mRNA, and the level of U4/U6
or Lsm7p to lsm7 extract, the association of U4 with heterodimer was analyzed by nondenaturing gel electrophoresis
U6 RNA increased to 58% and 60%, respectively (Figure and Northern blotting, probing for U6 RNA (left) or U4 RNA (right).
Note that the level of both endogenous and exogenous U6 RNA in3A, right panel, lanes 7 and 11). Thus, in the absence
lsm6 extract was slightly lower due to degradation while incubatingof a complete set of Lsm proteins, the efficiency of U4/
in the absence of Lsm6p.U6 formation was reduced, with the residual activity
(B) Incorporation of exogenous U6 RNA into snRNP complexes.
presumably being promoted by Prp24p, another U6- RNP complexes from extracts (4 l), treated as in (A) were resolved
associated protein, that facilitates the annealing of the by nondenaturing gel electrophoresis, electroblotted, and probed
U4 and U6 snRNAs [16, 17]. However, U4/U6 duplex for U6 snRNA (left) or U4 snRNA (right).
formation was more efficient when the missing Lsm pro-
tein was added. Note that the level of U4/U6 is a balance
of U4/U6 annealing and dissociation, and this assay 3A, left panel). Thus, Lsm6p appeared to stabilize the
does not distinguish between a requirement for Lsm U6 RNA during the incubation, whereas there was little
proteins for annealing of U4 with U6 or for stabilization or no effect of Lsm7p on the total U6 RNA in lsm7
of the U4/U6 duplex; however, Achsel et al. [3] showed extract. This stabilization of U6 RNA complicates the
that isolated human LSm2-8 complex promoted the for- interpretation of the effect of the Lsm6p on the level of
mation of U4/U6 RNP particles in vitro. U4/U6 dimer, as a higher level of U6 RNA might drive the
Also, in the lsm6 extract, the total amount of U6 equilibrium toward U4/U6 formation. Thus, we conclude
RNA was 60% higher in the presence compared to the that Lsm6p is required for maintenance of U6 RNA and
absence of Lsm6p (comparing lanes 6 and 7 in Figure directly or indirectly affects the proportion of U4 snRNA
that is complexed with U6 RNA. Lsm7p has a smaller,
but nevertheless significant, effect on the level of U4/
U6 dimer in the absence of a significant effect on the
level of total U6 RNA.
Next, the assembly of the exogenous U6 RNA into
RNP particles was examined by native gel electrophore-
sis. Ablation of the U6 snRNA caused the U4 snRNA
to migrate as a heterogeneous smear (Figure 3B, right
panel, lanes 2, 5, and 9). This smear represents a mixture
of heterogeneous U4 particles that result from ablation
of the U6 snRNA that was in di- and tri-snRNPs. Follow-
Figure 2. Reconstitution of Splicing with Exogenous U6 RNA In Vitro ing the addition of exogenous U6 RNA, no free U6
and Analysis of Splicing Activity snRNPs were detectable, even in the wild-type extract;
Lanes 1, 4, and 8 show splicing activity with 4 l untreated wild- however, all of the U4 RNA in wild-type extract was
type, lsm6, and lsm7 extracts, respectively. For all other lanes, incorporated into di-snRNPs and tri-snRNPs (Figure 3B,
extracts were incubated with 140 nM U6 knockout oligo. For lanes lanes 3). In lsm7 extract, the exogenous U6 RNA was
3, 6, 7, 10, and 11, in vitro transcribed U6 RNA was added (to 50
incorporated into a smear of RNP complexes that alsonM) to the ablated samples. 2 l of in vitro translation reaction
contained U4 snRNA (Figure 3B, lane 10). However,containing Lsm6p or Lsm7p were added as indicated, and splicing
activity was assayed using 2 nM 32P-labeled ACT1 pre-mRNA. these migrated faster than the wild-type U4/U6 di-
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a low level of tri-snRNP was detected) but that these
were unstable in cell extract.
The question remains as to what type of complex
forms on the U6 snRNA in the absence of an Lsm protein.
Immunoprecipitation experiments (Figure 4) showed that
in mutant extracts the endogenous U6 snRNA associ-
ates with Prp24p, and both U6 and U4 associate with
Lsm4p (lanes 7 and 10; also for lsm6, data not shown),
indicating that a full complement of Lsm proteins is not
essential for the binding of these proteins. Following U6
reconstitution, the exogenous U6 RNA also coimmuno-
precipitates with Lsm4p and Prp24p (Figure 4, lanes 3,Figure 4. Coprecipitation of U4 and U6 RNAs with Lsm4p and
6, 9, and 12). Therefore, the failure to reconstitute normalPrp24p
di- and tri-snRNPs was not due to a failure to associateExtracts from wild-type or lsm7 cells were either left untreated
with Prp24p or Lsm4p. The very heterogenous nature(lanes 1, 4, 7, and 10) or were incubated with U6 knockout oligo to
ablate U6 snRNA (all other lanes). For lanes 3, 6, 9, and 12, in vitro of the U6-containing RNP complexes in mutant extracts
transcribed U6 RNA was added to 50 nM. Samples were incubated makes their further analysis impractical.
with either anti-Lsm4 (lanes 1–3 and 7–9) or anti-Prp24 (lanes 4–6
and 10–12) antibodies. RNA was extracted from precipitates, frac-
tionated by denaturing gel electrophoresis, and analyzed by North-
Why Are Lsm6p and Lsm7p Not Essentialern blotting with probes for U4 and U6 RNAs.
for Cell Viability?
In view of these important functions for Lsm6p and
Lsm7p, it seems surprising that LSM6 and LSM7 genessnRNPs, indicating that they are not correctly or fully
assembled, and very little U6 or U4 RNA was found in are not essential for cell growth; however, the U6 assem-
bly defect may not be as severe in vivo as it is in vitro.tri-snRNP complex. Addition of in vitro translated Lsm7p
shifted most of the heterogeneous U4/U6 RNPs into Also, the traditional view of the spliceosome cycle has
been challenged by Stevens et al. [19], who isolated acomplexes that comigrated with endogenous di-snRNP
and tri-snRNP complexes (Figures 4, lane 11). With yeast penta-snRNP complex that, when supplied with
soluble factors, spliced pre-mRNA. Thus, the penta-lsm6 extract, a similar result was obtained, although
the more significant effect of Lsm6p was on the level of snRNP complex may offer an alternative method for
regenerating snRNPs. Conceivably, Lsm proteins mayU6 RNA (Figures 3B, lanes 6 and 7). Therefore, in the
absence of Lsm7p, although a significant amount (51%) only be required to reassemble U6-containing RNPs fol-
lowing the dissociation of multi-snRNP complexes suchof U4 snRNA was in the form of U4/U6 heterodimer, di-
snRNP formation was defective and little or no tri-snRNP as penta-snRNPs.
Nevertheless, in lsm6 and lsm7 cells, how doesformation occurred.
These results suggest that the inability of extracts that newly synthesized U6 RNA get assembled into func-
tional RNP complexes in the first place? It may be specu-lack either Lsm6p or Lsm7p to support splicing through
multiple incubations is most likely due to the inability lated that newly transcribed U6 snRNA can be assem-
bled into RNP particles by a different process than U6to reassemble functional U4/U6 and U4/U6.U5 snRNP
complexes that were depleted during the splicing pro- snRNA that has been through a splicing reaction. An
obvious candidate as a cofactor for assembling nascentcess. Although the effects of Lsm6p and Lsm7p differ
in the greater need for Lsm6p for U6 RNA stability, it is U6 snRNA into RNP particles is La protein (Lhp1 in
yeast), which has been proposed to act as a chaperonenot clear at which stage the U6 RNA becomes unstable
in the absence of Lsm6p. The primary defect could be for polymerase III nascent transcripts. A deletion of the
LHP1 gene is synthetic lethal with an lsm8 mutation, anthe inability to incorporate U6 RNA into snRNP com-
plexes with the subsequent degradation of U6 RNA. indicator of genes involved in the same or alternative
pathways [20]. Thus, newly transcribed U6 snRNA mayThus, U6 snRNA that is released from dissociating
spliceosomes may be degraded in the absence of a assemble into snRNP complexes in an alternative path-
way that bypasses the need for Lsm6p or Lsm7p,complete Lsm protein complex, especially in the ab-
sence of Lsm6p. whereas U6 snRNA in postsplicing complexes (or added
to extracts in snRNP reconstitution experiments) wouldThis defect in the incorporation of exogenous U6 RNA
into di- and tri-snRNPs, seen most clearly in lsm7 cell be at least partially dependent on Lsm proteins for the
reactivation process.extracts, could have a number of causes. As the recon-
stituted U6 RNP complexes had a heterogeneous elec- The related Sm proteins have been proposed to stabi-
lize weak snRNA-pre-mRNA interactions in the spliceo-trophoretic distribution, other proteins in addition to
Lsm7p (or Lsm6p) may be missing from some or all of the some [21], and the bacterial Sm-like protein, Hfq, also
mediates multiple RNA-RNA interactions, suggesting acomplexes. Possibly di-snRNP- or tri-snRNP-specific
proteins fail to associate with the Lsm-depleted U4/U6 role as an RNA chaperone [22]. Our data support a chap-
erone-like role for Lsm proteins in assembling or remod-particle, preventing its conversion to tri-snRNP. Nottrott
et al. [18] reported that the association of human U4/ eling RNA-protein complexes during the splicing pro-
cess. As expected for chaperones, the associations ofU6-specific proteins with preannealed U4/U6 RNA oc-
curred in the absence of Lsm proteins in vitro. Therefore, Lsm proteins with most RNA substrates are highly tran-
sient; for example, Lsm1-7 proteins associate withit may be that some di- and tri-snRNPs formed (indeed,
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oligo probes for U4 and U6 RNA. Band intensities were quantifiedmRNAs in the cytoplasm [4, 5] and Lsm2-8 proteins
using a PhosphorImager.associate with pre-tRNAs, pre-rRNAs, and pre-snoRNAs
in the nucleus [6–9]. The persistent association of Lsm2-8
Immunoprecipitation
complex with U6 snRNA is an exception; however, Chan Anti-Lsm4 or anti-Prp24 antibodies [15] were bound to protein
et al. [23] presented evidence that Lsm proteins dissoci- A-Sepharose beads (PAS, Sigma) in NTN buffer (150 mM NaCl, 50
ate from U6 snRNA in spliceosomes at around the time mM Tris-HCl [pH 7.5], 0.1% Nonidet P-40). PAS bound antibodies
were incubated with samples at 4C for 2 hr; the antibody complexesof spliceosome activation. Thus, Lsm2-8p seem likely
were washed 4 times with NTN and once with NT (NTN withoutto function as a chaperone complex to support multiple
nonidet P-40). Precipitated RNAs were deproteinized, separatedrearrangements of U6-containing complexes, including
on a 6% polyacrylamide, 8 M urea gel, and analyzed by Northern
U4/U6 annealing/stabilization, di- and tri-snRNP forma- blotting.
tion, incorporation, and rearrangement in spliceosomes,
at which point their role is complete and they dissociate Acknowledgments
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